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(g) A method of manufacturing a diffuser and a diffuser. 



(g) A diffuser is produced by recording a speckle 
pattern on a recording medium (7) to create an 
optical mask (4). A photopolymeric material (3) 
Is disposed adjacent the optical mask (4) and fe 
exposed to a light source (10) through the 
optical mask (4). Graded refractive index micro- 
lenses are fbnmed in the photopolymeric ma- 
terial (3) conBsponding to the speckle pattern. 
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This invention relates to a method of manutectur- 
ing a dif f user and to a diff user manufactured by such 
a method. 

In general, a diff user is formed by an object which 
deflects incident light in some suitable way so as to 
allow an observer to see light from any part of the ob- 
ject at his viewpoint One particular example of a dif- 
fuser is shown in Figure 1. It consists of a screen 1 
which has an array of microlenses 2 formed on one 
surface. Each microlens 2 focuses or deflects l^ht in- 
cident on the screen at a point near the plane of the 
diff usen an observer will see the array of microlenses 
2 as a diffusing surface. 

GB 2 261 1 00 discloses a scatter film diff user for 
back-illumination of a display. A negative is made by 
simulating the display lighting conditions and a posi- 
tive Is made photographically from the negative by 
contact exposure. 

GB 2 113 868 discloses a technique for forming 
diffraction phase structures by recording an Interfer- 
ence pattern. Dielectric microballs in a polymerisa- 
tion liquid distribute themselves spatially in accor- 
dance with the pattern and are then fixed by ultravio- 
let photopolymerisation. 

EP 0 409 396 and EP 0 392 868 disclose similar 
techniques for producing a diffuser. A light control 
plate is made by irradiating a photopolymer through 
a mask having a light scattering pervious pattern. 

The light scattering pattern Is made by shot- 
blasting a glass screen thnDugh a suitable mask. This 
technique allows diffusers to be produced having dif- 
ferent regions which diffuse light incident at different 
angles. 

EP 0 258 994 discloses a technique using photo- 
polymers for making regular microlens anrays. 

US 4 336 978 discloses a method of fonning a dif- 
fuser without using an optical mask. Aspeckle pattern 
is formed in silver halide which, after processing in- 
cluding bleaching, forms a diffuser having some va- 
riation in ref racth^e index but only of a very small mag- 
nitude. The opaque regions of the silver halide reduce 
the light output so that the resulting diffuser is rela- 
tively inefficient. Because of the limited variations in 
refractive index, there is relatively little light diff usion 
so that the efficiency of diffusion reduces substan- 
tially with off-axis viewing. 

A photopolymeric material is a material whose 
optical and/or chemical properties are changed when 
it is irradiated. Examples of such materials are the 
range of variable Index monomers produced by Du- 
Pont. such as HRF150 and HRF500. A photopolymer 
is initially not polymerised. As shown in Figure 2(a), if 
a layer of photopolymeric material 3 having a thick- 
ness of, for example. 10-100jim is irradiated by radi- 
ation 11, partial polymerisation occurs in an Inradiated 
region 12 of the photopolymer 3. Monomer diffuses 
into the irradiated region from adjacent non-irradiated 
regbns, and there is a consequent volumetric change 



in the refractive index across the irradiated regton of 
the photopolymer. 

The change in refracth^e index across the irradh 
ated region leads to the formation of a graded index 

5 (GRIN) lens. The properties of GRIN lenses formed in 
photopolymers are discussed in Proa SPIE, Vol 
1751, pages 33-46,1992. 

Irradiation of a photopolymeric material can also 
result in changes in the thickness of the material in the 

10 irradiated regions, for example if the irradiation is car- 
ried out using a mask having surface relief. Such 
thickness variations could provide a further focusing 
mechanism, which will supplement the GRIN focus- 
ing. 

IS Once the changes in the refractive index (and 
possibly the thickness) have been induced, the pho- 
topolymer is normally subjected to intense blanket Ir- 
radiation. This completely polymerises the photopoly- 
mer, and "fixes" the variations in the refractive Index 

20 and thickness. 

Methods of producing a diffuser consisting of an 
array of microlenses by selectively illuminating a pho- 
topolymer are described in EP-A-0 294 122 and Proc. 
SPIE, Vol 1544, pages 10-21, 1991. As shown in Fig- 

25 ure 3 of the accompanying drawings, the methods in- 
clude the step of illuminating a photopolymeric mate- 
rial 3 through a mask 4. 

In one prior art method, the mask is made using 
a high resolution printer to print a pattern of dots on 

30 a substrate. The substrate is then processed to pro- 
duce a mask having an array of transparent apertures 
on a black background. 

GB 2 206 979 discloses a method of making a dif- 
fuser by forming GRIN lenses in a photopolymeric 

35 material. An essentially regular array of lenses is 
fonmed but with some randomness in the relative pos- 
itioning of the lenses. A difficulty with this technique 
is that it is very difficult to make with any degree of 
accuracy such a randomised regular an'ay. The pho- 

40 topolymeric material is irradiated through a mask and 
this patent suggests that monomer will diffuse into ir- 
radiated regions from adjacent non-irradiated regions 
to fomi GRIN lenses having diameters of the order of 
10-30 micrometers. 

45 The strength of a GRIN lens will increase as the 
diameter of the lens decreases, if the change in re- 
fractive index is constant. In addition, for a GRIN lens 
to be formed, the monomer must diffuse across a dis- 
tance equal to a substantial fraction of the diameter 

so of the lens. If the irradiated region is too large, the 
monomer is unable to diffuse sufficiently to enable 
the formation of a true GRIN lens (in which the refrac- 
tive index increases smoothly towards the centre of 
the feature). Thus, it is quite impossible to make mi- 

55 crolenses having diameters of 10 to 30 micrometers 
as suggested in GB 2 206 979 mentioned above. 

For the above reasons, it is desirable to make the 
lenses small, for example a few ^m in diameter. How- 
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ever, as the size of the microtenses is reduced, the 
manufacture of the mask becomes more difficult 

For example, in the prior art method In which the 
mask is recorded by focusing spots of light onto a sub- 
strate, the depth of focus decreases as the size of the 
spot decreases. Avery fine spot may well require the 
use of an auto-focus technique if a large mask is re> 
quired. Furthermore writing a large array of fine spots 
is a very slow process. 

Moreover, it Is necessary that the pattern of holes 
in the mask has some degree of randomness to pre- 
vent collective diffraction effects arising in the resul- 
tant diffuser. The need to introduce this randomness 
into the process of manufacturing the mask compli- 
cates the process; this problem worsens as the size 
of the microlenses decreases. 

According to the present invention, there is pro- 
vided a method of making a diffuser, comprising the 
steps of: recording a speckle pattern on a recording 
medium to create an optical mask; disposing the opt- 
ical mask adjacent a photopolymeric material; and ir- 
radiating the photopolymeric material through the 
optical mask so as to form changes in refractive index 
of the photopolymeric material fomfiing graded refrac- 
tive index lenses corresponding to the speckle pat- 
tern. 

Preferably the photopolymeric material compris- 
es a monomer which diffuses into irradiated regions 
of the photopolymeric material from adjacent non-ir- 
radiated regions and the irradiation and the size of 
transparent features of the speckle pattern of the opt- 
ical mask are such that the monomer diffuses a dis- 
tance of a substantial fraction of the lateral extent of 
each of the graded refractive index tenses. 

It is advantageous for the optical mask to have 
high contrast This provides a high gradient which re- 
sults in better diffusion of the monomer. 

By forming a speckle pattern mask and irradiat- 
ing the photopolymeric material therethrough, it is 
possible to form a mask whose feature size is suffi- 
ciently small to allow a random speckle pattern of 
graded refractive index lenses to be formed by migra- 
tion of monomer. A speckle pattern, which is formed 
when a coherent light source is scattered from a dif- 
fuse surface ("Optics" by E. Hecht, 1987. pp592-3), 
is inherently random. Collective diffraction effects in 
the diffuser are therefore eliminated. A speckle pat- 
tern can produce smaller features than are obtainable 
by conventional focusing optics. 

Preferably the monomer diffuses a distance of at 
least half the lateral extent of each of the graded re- 
fractive index lenses. In order to achieve this and pro- 
duce effective graded refractive index lenses, the lat- 
eral extent of each of the lenses is preferably of the 
order of a few micrometers or less. The lateral extent 
of each lens is preferably less than two micrometers 
and preferably less than one micrometer. 

Aspeckle pattern with transparent features of the 



order of one or two micrometers or less can easily be 
recorded to form a mask which can then be used to 
control irradiatbn of a photopolymeric material so 
that the monomer contained therein can diffuse suf- 

5 f iciently to form graded refractive index lenses. This 
allows diffusers to be made having high efficiency 
(i.e. relatively low light loss), because of the absence 
of opaque regions, combined with wide dispersion 
characteristics. By forming the mask with relatively 

10 small speckled transparent features and controlling 
irradiation through the mask, the lenses can be 
formed efficiently and relatively rapidly so that the 
method may be used for mass production of very high 
quality diffusers. 

IS The dimensions of the holes in the mask can be 
made comparable with the wavelength of the light 
used to form the speckle pattern. 
Furthermore, the use of a speckle pattern to produce 
the mask avoids the need for precise focusing during 

20 the mask manufacture, as a speckle pattern has an 
effectively unlimited spatial extent. 

The speckle pattern can be produced either by 
reflection or transmission of the coherent light In a 
preferred embodiment, the speckle pattern is created 

25 using an optically diffuse screen, for example a 
ground glass screen. In a particularly preferred em- 
bodiment, the optically diffuse screen is asymmetric. 
Such a screen produces a speckle pattern with 
speckles whose mean size in one direction Is differ- 

30 ent from their mean size in an orthogonal direction 
and this, in turn, means that the apertures in the re- 
sultant mask are anisotropic. Such a mask is useful 
where a diffuser is required, for example, to have a 
wide lateral field of view but need not have a wide 

35 vertical field of view. 

In a preferred embodiment, the light source used 
to irradiate the material Is a source of ultra-violet light 
This has the advantage that the material need not 
contain a dye sensitive to visible light, and can there- 

40 fore be substantially transparent and colourless in 
most of the visible spectrum. However, if the material 
is sensitive to the visible spectrum, visible light can be 
used. 

The recording medium may have a pattern of sur- 
45 face relief which corresponds to the speckle pattern 
so as to allow a pattern of surface relief to develop in 
the photopolymeric material in registration with the 
graded refractive index lenses when the recording 
medium is in contact with the photopolymeric materi- 
50 al. The radiation-induced migration of the monomer 
tends to cause surface relief corresponding to the 
speckle pattern to be produced. The surface relief of 
the recording medium provides space to allow this 
surface relief to be produced in the photopolymeric 
55 material. 

Preferred embodiments of the present invention 
will now be described by way of example with refer- 
ence to the accompanying drawings, in which:- 
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Figure 1 is a schematic view of a diff user; 
Figure 2(a) is a schematic view showing the illu- 
mination of a photopolymeric material; 
Figure 2(b) shows the refractive index and thick- 
ness of the photopolymer of Figure 2(a) after illu- 
mination; 

Figure 3 is a schematic view showing how the dif- 
f user is produced; 

Figure 4(a) shows one method of producing a 
speckle pattern; and 

Figure 4(b) shows another method of producing 
a speckle pattern. 

Figure 4(a) illustrates one method of producing a 
speckle pattern. A square ground glass screen 5 is il- 
luminated by coherent light 6. for example produced 
by passing a laser beam through an expansion lens 
and a collimator. A speckle pattern is produced and is 
recorded on a recording medium 7. The speckles 
formed on the recording medium 7 have a mean size 
given by: 

6x = 5y = Xad/L (1) 
In Equation (1). Xa is the wavelength of the light 
6, d is the distance between the screen 5 and the re- 
cording medium 7. and L is the height and width of the 
screen 5. 

Aspeckle pattern is a stationary interference pat- 
tern of coherent waves. Such Interference patterns 
have a large spatial extent and the speckle pattern is 
sharply defined in the recording medium 7, regardless 
of the distance d between the screen 5 and the re- 
cording medium 7. 

The recording medium 7, which is mounted on a 
transparent substrate 8, can be, for example, a silver 
halide and gelatin layer, or a layer of photoresist on 
chromium on a glass substrate. The speckle pattern 
is recorded in the recording medium 7, which is then 
processed using known techniques so as to fbnn a 
mask 4 having a randomly disposed array of transpar- 
ent apertures on a black background. 

Figure 4(b) illustrates an alternative method of 
producing a speckle pattern. This method is simitar to 
that Illustrated in Figure 4(a), except that a rectangu- 
lar ground glass screen 5* is used. The mean size of 
the speckles is now given by the following two equa- 
tions: 

5x = X.da^ (2) 

5y = Xad/Ly (3). 
The speckles are anisotropic, and a mask having 
randomly disposed anisotropic apertures is pro- 
duced. 

The process for forming the diff user is illustrated 
in Figure 3. The mask 4 manufectured as described 
above is placed in contact with a layer of photopoly- 
meric material 3 supported on a substrate 9. The 
mask is then irradiated using a source 10 of directed, 
but not necessarily coherent, light 11. Lenses are 
formed in the photopolymeric material 3 correspond- 
ing to the apertures in the mask 4. 



If the mask 4 is not flat, the photopolymeric ma- 
terial 3 shows surface relief, as a result of monomer 
migration due to irradiation. For example, surface re- 
lief could arise on a silver halide mask, during the de- 
5 velopment, bleaching or fixing process. In this case, 
focusing can occur due both to the volumetric change 
in refractive index across the irradiated regions and 
to the thickness variations. 

If the mask, however, is fiat, the photopolymer 
10 does not exhibit surface relief, as it is sandwiched be- 
tween the mask and the substrate. In this case, there 
may be some inhibition of monomer migration. The 
only focusing mechanism will be the volumetric 
change in refractive index across the Irradiated re- 
ts gk)ns. 

Example 

Aground glass screen was illuminated by light of 
20 514nm wavelength from an Argon laser. The resultant 
speckle pattern was recorded on a sheet of Agfa Ga- 
vaert Miilimask material supported by a glass sub- 
strate and placed a few cm from the ground glass 
screen. 

25 The sheet of Miilimask material was first devel- 
oped in Ag^ developer type G284C. It was then re- 
versed processed according to the usual Agfa proce- 
dure. This produced a mask having a random array of 
transparent apertures on a black background. 

30 A 1 0Oum thick sheet of the Du Pont photopolymer 
HRF 150 supported by a Mylar substrate was then 
laminated to the mask. The mask was then exposed 
to ultra-violet light, of wavelength 365nm, to produce 
an array of microlenses (graded index microstruc- 

35 tures) In the laminated polymer. 



Claims 



40 1 . A method of manufacturing a diff user, comprising 
the steps of: 

recording a speckle pattern on a recording me- 
dium (7) to create an optical mask (4); disposing 
the optical mask (4) adjacent a photopolymeric 
45 material (3); and irradiating the photopolymeric 

material (3) through the optical mask (4) so as to 
form changes In refractive index of the photopo- 
lymeric material (3) forming graded refractive in- 
dex tenses corresponding to the speckle pattern. 

50 

2. A method as claimed in Claim 1 , characterised in 
that the photopolymeric material (3) comprises a 
monomer which diffuses into in^diated regions 
(12) of the photopolymeric material (3) from ad- 
55 jacent non-irradiated regions and in that the irra- 
diation and the size of transparent features of the 
speckle pattern of the optical mask (4) are such 
that the monomer diffuses a distance of a sut>- 
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stantial fraction of the lateral extent of each of the 
graded refractive index lenses. 

3. A method as claimed in Claim 2, characterised in 
that the substantial fraction is at least one half. s 

4. A method as claimed in Claim 2 or 3, character- 
ised in thatthe lateral extent of each of the graded 
refractive index lenses is of the order of a few mi- 
crometres or less, io 

5. A method as claimed in Claim 4. characterised in 
that the lateral extent of each of the graded re- 
fractive index lenses is less than 2 micrometres. 

IS 

6. A method as claimed in Claim 5, characterised in 
that the lateral extent of each of the graded re- 
f racth^e index lenses is less than 1 micrometre. 

7. A method as claimed In any preceding claim, 20 
characterised in that the speckle pattern is creat- 
ed using an optically diffuse screen (5). 

8. A method as claimed in Gaim 7, characterised In 

that the optically diffuse screen (5) is a ground 25 
glass screen. 

9. A method as claimed in Claim 7 or 8, character- 
ised in that the optically diffuse screen (5) Is 
asymmetric. 30 



10. A method as claimed in any one of the preceding 
claims, characterised in that the photopolymeric 
material is irradiated with ultra-violet light. 

35 

11. Amethod as claimed In any one of the preceding 
claims, characterised In that the recording me- 
dium (7) comprises a silver halide. 

12. A method as claimed in any one of the preceding 40 
claims, characterised in that the recording me- 
dium (7) comprises a layer of photoresist on a lay- 
er of chromium. 

1 3. A method as claimed in any one of the preceding 45 
claims, characterised in that the recording me- 
dium (7) has a pattern of surface relief which cor- 
responds to the speckle pattern so as to allow a 
pattern of surface relief to develop in the photo- 
polymeric material (3) in registration with the so 
graded refraction index lenses when the record- 
ing medium (7) is In contact with the photopoly- 
meric material (3). 

14. A diff user made by a method as claimed in any ss 
one of the preceding claims. 
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FIG.4b . 
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